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Spatial distribution of triplet excitons formed from
charge transfer states at the donor/acceptor
interfacef

Seiichiro Izawa, & *3*° Masahiro Morimoto, & *@ Shigeki Naka & ¢
and Masahiro Hiramoto 2

Triplet exciton formation at an organic semiconductor interface plays a crucial role in photophysical
processes in electronic devices, such as organic light-emitting diodes (OLEDs) and organic
photovoltaics, and in optical functions, such as photon upconversion (PUC) based on triplet—triplet
annihilation (TTA), which produces a photon with high energy combining two photons with low energy.
Herein, we report the spatial distribution of the triplet exciton generated after charge recombination at
the organic semiconductor interface. The triplet exciton distribution is assessed by examining the
variation in TTA emission when the triplet quencher is doped near the interface in the OLED and PUC
systems. The obtained result indicates that 90% of the triplet excitons are confined to less than 10 nm
from the donor/acceptor interface, where charge recombination occurs and a charge transfer state
forms, which is a precursor of the triplet exciton. The confinement of triplet excitons leads to efficient
TTA emission, whose efficiency is triplet concentration-dependent, in OLED and PUC systems utilizing
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the mechanism of interfacial triplet formation.

Introduction

The spin statistics rule states that 75% of the excitons formed
after free charge recombination are spin triplets. The triplet
excited state is generally dark because the transition to the
ground state is spin-forbidden. Therefore, ensuring that triplet
excitons emit light is an important research target for realizing
efficient organic light-emitting diodes (OLEDs). This subject is
solved by developing thermally activated delayed fluorescent
materials that convert triplet excitons to singlets> and phos-
phorescent materials that have large spin-orbit coupling, which
enables emission from a triplet state.® Recently, triplet excitons
have been recognized for their crucial role in the charge
recombination of organic photovoltaics (OPVs).*® A triplet
exciton forms after bimolecular charge recombination through
an intermediate charge transfer (CT) state at the donor/acceptor
(D/A) interface. The formation of the triplet exciton after charge
recombination is supposed to be the main cause of non-radia-
tive recombination loss,® which is the main problem that causes
a large energy loss in the open-circuit voltage in OPVs, leading
to a lower power conversion efficiency of OPVs than that of
perovskite, crystalline-silicon, and GaAs PVs.*” To enhance the
performance of organic electronic devices, such as OLEDs and
OPVs, it is important to clearly define the behavior of triplet
exciton formation after charge recombination.

Recently, we have leveraged the triplet exciton formation
resulting in the CT state after charge recombination at the D/A
interface to construct an efficient photon upconversion (PUC)
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system in the solid state.® PUC is a process in which a material
increases the energy of the incident photons, resulting in the
emission of photons with higher energies.” PUC in the solid
state has attracted much attention because of its potential
applications in solar cells, photocatalysis, and photodynamic
therapy in living organisms.'>** However, the external quantum
efficiency (EQE) of a conventional PUC system based on inter-
system crossing, namely triplet formation by the heavy-atom
effect in a molecule, is as low as 0.024% in the solid state.'> The
PUC emission in our system occurs after triplet-triplet annihi-
lation (TTA) that originates from triplet formation through
photo-excited singlet separation and free charge recombination
at the interface of the D/A bilayer film. As a result, a solid-state
PUC from the near-infrared to the visible light region on flexible
organic thin films without using heavy atoms is achieved with
an external efficiency that is two orders of magnitude higher
than those demonstrated in conventional systems based on
intersystem crossing in a sensitizer molecule containing a heavy
atom.»” The concept of PUC at the D/A interface has been
expanded to develop efficient OLEDs operated at extremely
small driving voltages."® Electroluminescence (EL) emission in
the OLED occurs through the formation of a charge transfer
state with a spin triplet (CT;) originating from injected charges,
followed by TTA.**** This is a current-excited UC process in the
OLED device, while PUC is a photo-excited process. The OLED
was realized to emit light with a wavelength of 608 nm (2.04 eV)
at a luminance of 177 c¢d m~? and is operable with a 1.5 V
battery, which, to the best of our knowledge, is the lowest OLED
operating voltage reported to date.”® In the PUC and OLED
devices, we suppose that the motility of the triplet excitons
formed from the CT state plays a crucial role in efficient TTA
emission. To enhance the efficiency of such photophysical
processes, the real spatial distribution of triplet excitons near
the D/A interface should be clarified.

In this study, the spatial distribution of triplet excitons
formed from the CT state at the D/A interface was elaborated on
by analyzing the EL emission in an OLED device and PUC
emission on a bilayer thin film. A phosphorescent material was
doped near the D/A interface, which served as a trap for the
triplet excitons. The trap dopant quenched the TTA emission
released from the host material and emitted phosphorescence
instead. The relationship between the thickness of the doped
layer and the variation in the emission intensities directly
demonstrates the spatial distribution of the triplet excitons near
the D/A interface.

(a)

Paper

Results and discussion

In this study, we utilized a D/A-type OLED device based on
rubrene and N,N'-di-n-octyl-3,4,9,10-perylenetetracarboxylic
diimide (PTCDI) (Fig. 1a), which has been reported as an effi-
cient OLED with an extremely low driving voltage in the litera-
ture,” to investigate the spatial distribution of the triplet
excitons near the D/A interface. The emission scheme of the
OLED, which is illustrated in Fig. 1b, is described as follows:
CT; forms after the charge recombination of injected charges at
the D/A interface. Then, the energy of the CT; state is trans-
ferred to T; of rubrene. Later, the fluorescence of rubrene is
observed through TTA. In this study, copper(u) phthalocyanine
(CuPc) was doped inside the rubrene layer as the triplet trap.
CuPc emits phosphorescence at approximately 1100 nm (1.12
eV),'*"” which is slightly less than the T, energy of rubrene (1.14
eV)."® Therefore, Dexter energy transfer from rubrene T, to CuPc
T, is possible. The PUC system utilizes 3,9-bis(2-methylene-((3-
(1,1-dicyanomethylene)-6,7-dichloro)-indanone))-5,5,11,11-tet-
rakis(4-hexylphenyl)-dithieno[2,3-d:2’,3'-d']-s-indaceno[1,2-
b:5,6-b']dithiophene (ITIC-Cl; Fig. 1a), which is a famous non-
fullerene acceptor in the OPV field,” instead of PTCDI in the
OLED device. ITIC-CI can absorb near infrared (NIR) light, and
the rubrene/ITIC-CI bilayer can efficiently convert NIR light to
yellow light with a high EQE of 1.29%.* The mechanism of the
PUC is based on the same CT-TTA emission as that used in the
OLED device. Free charges in the PUC system are generated
through photoexcitation in ITIC-Cl and charge separation at the
D/A interface.

The structure of the OLED device is presented in Fig. 2a. The
triplet trap: CuPc was doped in the rubrene layer near the D/A
interface. The doping concentration of CuPc was set to 1 vol%
because the efficiency of the CuPc emission reached
a maximum under this condition.'® Atomic force microscopy
images for undoped and CuPc-doped rubrene films are pre-
sented in Fig. S1.7 The surfaces of both films were very smooth,
excluding the possibility of the morphological change by the
CuPc-doping. The thicknesses of the CuPc-doped layers were 5,
10, 25, 50, and 100 nm, while the total thickness of the doped
layer plus the pristine rubrene layer was kept constant at 110
nm because we wanted to compare the doping effect near the D/
A interface without changing the device conditions such as an
optical interference effect. 110 nm is sufficiently thicker than
the typical triplet exciton diffusion length in amorphous films
of organic semiconductors.?® Fig. 2b shows the luminance (L)-

(b) E(eV)
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Fig. 1
inside the device.
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(a) Chemical structures of rubrene, PTCDI, ITIC-Cland CuPc. (b) The energy levels of excited states and schematic of the energy transfer

This journal is © The Royal Society of Chemistry 2022



Paper

Journal of Materials Chemistry A

o
LiF/MoOg4
PTCDI \E 1.E+02 A
©
&
I Rubrene+ CuPc Xnm o
O 1.E+01 o
< 3
S 3
£
Rubrene 110-X nm £
3 1.E+00 3
M003
1.E-01
ITO 1.E01 1.E+00 1.E+01 1.E+02 1.E+03
Currentdensity (mA/cm?)
5 0.008
(c) (d) ——0 nm
~—~ _0 nm ~—~ N —e
£ —5nm £ j 5nm
c 4 c £-10 nm
> 10 nm X~ 0.006 - 95
cE> 25 nm (E) q ——50 o
; 3 4 —50 nm ; nm
= —100 nm = 0.004
Z 5 Z
7] \&:ﬁ) 7]
c [\ c
3 [\ 2 0.002 !
£ 4 [\ £ '
- ! I \ -
w \ w
0
400 600 800 1000 1200 1000 1050 1100 1150 1200

Wavelength (nm)

Fig. 2
a constant current flow (1000 mAcm™
(green) of CuPc-doped rubrene layers at the D/A interface.
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current density (J) characteristics of the prepared OLED devices.
Luminance is based on the spectral sensitivity of the human
eye; therefore, it is insensitive to NIR emission released from
CuPc. The luminance value reflects only the emission intensity
from the fluorescence of rubrene in the visible region. The
luminance value drastically decreases with an increasing
thickness of the CuPc-doped layer. This is because CuPc traps
triplet excitons in the rubrene layer and quenches TTA emission
from the rubrene host. The luminance value does not decrease
any further with CuPc-doped layer thickness higher than 25 nm.
The same trend was observed in the spectral intensity of the
rubrene emission presented in Fig. 2c. The rubrene emission at
565 nm decreases with an increase in the CuPc-doped layer
thickness up to 25 nm. These results suggest that triplet exci-
tons were mainly distributed in the region below 25 nm near the
D/A interface. Instead of quenching the TTA emission from
rubrene by CuPc doping, the CuPc emission appears at 1100 nm
in Fig. 2d. This result indicates that triplet energy is transferred
from rubrene to CuPc. The intensity of CuPc emission is
increased for thicker devices compared to a device with a 5 nm
doped layer, despite the CuPc emission being very small. The
reason for the weak CuPc emission is its very low EQE of EL,
reported as ~107°%.'® The change in the rubrene emission
intensity owing to CuPc doping near the D/A interface was also

2
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(a) Schematic of the device with the CuPc-doped rubrene layer at the D/A interface. (b) L—J curves and (c and d) EL emission spectra with
for the devices with 0 nm (blue),

5 nm (orange), 10 nm (grey), 25 nm (yellow), 50 nm (brown), and 100 nm

investigated in the rubrene/ITIC-Cl PUC system.® The device
structure and PUC emission excited with 750 nm LED light are
presented in Fig. S2.T As in the case of EL emission, PUC
emission from rubrene is gradually quenched by increasing the
thickness of the CuPc-doped layer up to 25 nm. This result
indicates that triplet excitons generated by light irradiation in
the PUC system are distributed in the region below 25 nm near
the D/A interface, similar to the triplet excitons generated by the
injected current in the OLED device. The triplet exciton distri-
bution is further investigated in OLED devices because the
excitation light source in the PUC system disturbs the detection
of CuPc emission.

To further investigate triplet exciton diffusion after charge
recombination, a pristine rubrene interlayer was inserted
between the 50 nm CuPc-doped layer and D/A interface, as
shown in Fig. 3a. When the CuPc-doped layer was 10 nm away
from the D/A interface, the intensity of the rubrene emission
was small, as can be observed in Fig. 3b. Moreover, a small
emission peak from CuPc at 1100 nm is observed in Fig. 3c. The
rubrene emission recovered in proportion to the distance of the
CuPc-doped layer from the interface. The rubrene emission in
the device with the CuPc-doped layer 50 nm away from the
interface changes only slightly compared to the undoped
device. CuPc emission is not observed in the device with a CuPc-

9
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(a) Schematic of the device with 50 nm of a CuPc-doped rubrene layer away from the D/A interface. (b and c) EL emission spectra with

a constant current flow (1000 mA cm™2) for the devices without CuPc doping (blue) and with 50 nm of a CuPc-doped rubrene layer away from
the D/A interface. The thicknesses of rubrene interlayers at the D/A interface are 10 nm (grey), 25 nm (yellow), and 50 nm (brown).

doped rubrene layer 50 nm away from the D/A interface. These
results indicate that the quenching effect of the TTA emission of
the rubrene host by CuPc is limited if it is away from the
interface, and the triplet exciton does not exist in the region 50
nm away from the D/A interface.

To clarify the emission mechanism of the CuPc-doped
OLED, transient EL decay was measured using a handmade
system composed of a silicon photodiode and transimpedance
amplifier (Fig. 4). A square voltage waveform at 100 Hz
produced by a function generator was applied to the devices.
The decay curve mainly reflects the lifetime of the rubrene
emission because the CuPc emission is too weak to affect it. The
decay curves detected through the NIR cut filter to eliminate
CuPc emission are presented in Fig. S3,f depicting curves
similar to those presented in Fig. 4. However, the main
discussion focuses on the curves measured without the filter to
enhance the signal-to-noise ratio. The EL decay curves of the
undoped rubrene/PTCDI device and the device with a CuPc-
doped rubrene layer 50 nm away from the D/A interface exhibit

—©—=Rub only

—=—CuPc 50 nm away

I
=t

CuPc 25 nm

1

0.1

L1l
v

1

Normalized EL intensity (a.u.)

Time (ps)

Fig. 4 EL decay for the device without CuPc doping (blue circle), with
50 nm of a CuPc-doped rubrene layer at 50 nm away from the D/A
interface (brown square), and with 25 nm of a CuPc-doped layer at the
D/A interface (yellow triangle). Voltages of 4.6, 6.0, and 11 V were
applied to each device. Curves were fitted to the EL decay using single
exponential functions (broken lines).
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only one decay component, slow decay, with EL lifetimes of 3.6
and 3.3 ps, respectively. The slow decay is associated with
emission resulting from TTA occurring through triplet exciton
diffusion. The decay curves of the two devices are almost
identical because CuPc is silent for TTA if it exists sufficiently
far from the D/A interface. In contrast, the EL decay curve of the
device with 25 nm of the CuPc-doped rubrene layer at the D/A
interface exhibits two decay components: prompt decay, with
EL lifetimes less than 0.1 us (which is the detection limit of the
instrument), and slow decay, with EL lifetimes of 3.4 ps. The
slow decay is attributed to TTA emission, whereas the prompt
decay is associated with rubrene emission due to the direct
excitation of the S; state by injected charges. The amplitude of
the fitted exponential reveals that 90% and 10% of the decay are
attributed to direct emission by S; excitons and TTA, respec-
tively. The results indicate that CuPc near the D/A interface
strongly quenches the TTA process.

The energy transfer pathway for the CuPc emission is illus-
trated in Fig. 1b. We assume that the CuPc emission originates
from the Dexter energy transfer of triplet excitons from rubrene
to CuPc. Two other possible pathways forming the CuPc triplet,
namely, the energy transfer from CT; to T; of CuPc and that
from S; of rubrene to S; of CuPc and intersystem crossing to T
in the CuPc molecule, are excluded for the following reasons.
Triplet exciton diffusion is based on Dexter energy transfer, thus
requiring a wave function overlap between the two molecules,
which means that it can only occur between neighboring
molecules.” Long-range diffusion of T; of CuPc in a 1% doped
film is impossible because CuPc molecules do not contact each
other in the diluted films. Consequently, CuPc emission is
observed even 10 nm away from the interface, which excluded
the possibility of the first pathway, namely energy transfer from
CT; to T; of CuPc, because triplet exciton diffusion between
CuPc molecules is impossible. The second possibility is that
Forster resonance energy transfer (FRET) between singlet exci-
tons is typically in the long range because it is based on dipole-
dipole coupling.*® To confirm the FRET length in the rubrene/
PTCDI OLED system, we inserted a rubrene layer with an
emissive dopant, namely, tetraphenyldibenzoperiflanthene
(DBP), away from the interface (Fig. S4at). The emission spectra
of the OLED are presented in Fig. S4b.T The DBP emission at
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610 and 665 nm are still observed in the device with the DBP
located 100 nm away from the interface, indicating that FRET
from rubrene to the energy acceptor occurs even if they are 100
nm apart. The CuPc emission disappears at 50 nm from the
interface, excluding the possibility of FRET from S; of rubrene
to S; of CuPc. Accordingly, the decrease in rubrene emission
and emergence of CuPc emission originate from the triplet
energy transfer from rubrene to CuPc, and the change in those
emission intensities reflects the spatial distribution of the
triplet exciton in rubrene molecules formed after charge
recombination.

The spatial distribution of triplet excitons is plotted in
Fig. 5a. The relative triplet density was calculated from the EL
intensity change of TTA emission released from rubrene when
the CuPc-doped layer was inserted at the D/A interface (Fig. 2c
and S57) instead of CuPc emission because the CuPc emission
presented in Fig. 2d is too weak to be discussed quantitatively.
The reduction in the EL intensity obtained by inserting the
CuPc-doped thin layer is assumed to be quenched by CuPc in
the doped region. The relative triplet density was obtained by
comparing the EL intensities of the device with 0 and 25 nm
CuPc-doped layers, assuming that the entire triplet was
quenched when the 25 nm CuPc doped layer was inserted. The
reduction in the triplet density as the distance from the D/A
interface increases is fitted by an exponential decay function.
The triplet exciton diffusion length, which is defined as the
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Fig.5 (a) Relative triplet density as a function of distance from the D/A
interface. The relative triplet density was calculated according to the
intensity change of EL and PUC emission from rubrene when a CuPc-
doped layer was inserted at the D/A interface. The black circle
represents triplet density in the rubrene/PTCDI OLED device, while the
red triangle represents triplet density in the rubrene/ITIC-Cl PUC
system. The broken line denotes fitting done using the single expo-
nential regarding the OLED device. (b) Schematic of triplet exciton
accumulation after charge recombination near the D/A interface.

This journal is © The Royal Society of Chemistry 2022

31

Journal of Materials Chemistry A

density that becomes 1/e, is 4.4 nm. The spatial distribution of
triplet excitons in the ITIC-Cl/rubrene PUC system, calculated
based on the intensity change of PUC emission from rubrene in
Fig. S2,T is plotted in Fig. 5a. The plots regarding the EL and
PUC systems overlap well, indicating that the behavior of triplet
excitons does not change if it is generated by current injection
from the electrode or light excitation. Macroscopic long-range
triplet exciton diffusion at the micrometer scale has been re-
ported in a rubrene single crystal.*» However, the evaporated
rubrene thin films utilized in this study have an amorphous
structure, leading to a shorter diffusion length. Note that most
triplet excitons are consumed by TTA in the rubrene thin film
because of its high TTA efficiency, namely, 31%,** when the
maximum efficiency of TTA, which is a two-to-one photon
conversion process, is defined as 50%, instead of non-radiative
decay to the ground state. The fitted exponential decay function
reveals that 69% and 90% of the triplet excitons are confined to
regions less than 5 nm and 10 nm from the D/A interface,
respectively.

A schematic of the TTA emission near the D/A interface is
presented in Fig. 5b. The triplet exciton is confined near the D/A
interface because it forms at the D/A interface, which has a two-
dimensional flat structure. This is one of the reasons why effi-
cient TTA emission could be realized in the OLED and PUC
systems utilizing triplet formation through the CT state at the
D/A interface. In particular, the PUC at the D/A interface has
realized an EQE value two orders of magnitude higher at
a smaller excitation light intensity than the conventional PUC
system where the triplet exciton forms in a sensitizer molecule,
which is dispersed in the entire film, by intersystem
crossing.>''* The triplet exciton distribution in the conven-
tional PUC system can be determined using the typical
absorption coefficient of organic semiconductor films, which is
10° em™',*® meaning that 90% of the photons are absorbed in
the films with a thickness of 100 nm. 90% of the triplet excitons
are confined to less than 10 nm from the D/A interface in our
interfacial PUC system, meaning that the triplet density is ten
times larger when it is formed at the interface than when it is
randomly formed in the entire film by simple absorption and
intersystem crossing. Furthermore, the sensitizer molecules in
the conventional PUC system are generally dispersed in a poly-
mer matrix approximately a thousand times to prevent the
aggregation of the sensitizer, causing non-radiative triplet
recombination,””* which leads to a much smaller triplet
density in the films. Accordingly, our interfacial PUC system
achieves a small saturated excited light intensity, where bimo-
lecular TTA becomes the main decay channel, in the order of
several tens of mW cm™2? which is ten to thousand times
smaller than that of the typical PUC system in the solid
State‘12,24,25

Conclusions

In summary, we have clarified the spatial distribution of triplet
excitons formed from the CT state at the rubrene/acceptor
interface in an OLED device and PUC system by analyzing the
emission change originating from the rubrene host with CuPc
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triplet trap molecules. The TTA emission of rubrene was
quenched and CuPc emission appeared when CuPc was doped
in the region near the D/A interface. The triplet density calcu-
lated from the emission change indicates that 90% of the triplet
excitons are confined to less than 10 nm from the D/A interface.
The confinement is an advantage of triplet generation from the
CT state at the D/A interface, which has a two-dimensional flat
structure and allows for efficient TTA, whose efficiency is triplet
concentration dependent in OLED and PUC systems.
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Momentum-Reolved Resonant Photoemission of TiSe;
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Layered material TiSe; is one of the

Transition-Metal-Dichalcogenide (TMDC), and has
extensively studied for decays as a typical system of
Charge-Density-Wave (CDW) transition. Although
there has been much dispute about what causes CDW
transition in TiSe,, the most widely accepted scenario
holds that excitonic condensation is crucial [1]. In this
scenario, the exciton is formed by the charge transfer
from the Ti3d-derived conduction band at the
M-point to the Sedp-derived valence band at the
I'-point. Resonant photoelectron spectroscopy should
be used to analyze the origin of the conduction and
valence bands in order to gain a thorough knowledge
of the process underlying the CDW transition. In this
report, we investigate the momentum-resolved
resonant photoelectron spectroscopy on TiSe; using
the “Momentum Microscope” apparatus recently
installed at BL6U in UVSOR-III, IMS[2].

Figure (a) shows a XAS spectrum of TiSe, at the
Ti-L3 edge. At indicated photon energies as I-V, the
ARPES EDC spectra are taken and shown in Fig (b);
where the T', M and M* points in the k-space are
compared. The peaks A near the Fermi level are
shown in the photoelectron intensity maps in Figs. (¢
and e), and the peaks B at the binding energy of 2eV
is shown in that in Figs (d and e). While the peaks A
intensities are nearly equivalent between M and M*,

the peaks B are drastically different. Constant Initial
spectra (CIS), which is the photoelectron intensity of
the specific band as a function of the photon energy,
are shown in Figs (f) for peaks A and (g) for peaks B.
CIS spectra for peaks A are similar to the Ti2p—Ti3d
XAS spectrum taken with the total valence electron
emission (BE<5eV) except one strong peak which is
red-shifted in the photon energy by 0.6eV at the
absorption edge. This may be attributed to the
surface/defect sites. The similarity between M and T’
points suggests that the similarity in the origin of the
band, i.e., Ti3d component significantly contributes to
the valence band at T", which is contradictory to the
simple picture that valence band is derived only from
Sedp. This is confirmed by the DFT calculation that
we made (not shown here).

The CIS spectrum of peak B depicts more
interesting story about the Fano-resonance due to the
interatomic interaction, since the peak B is derived
from predominantly from the Se4p orbital.

References:

[1] S. Chen, “On the nature of charge density of
waves, superconductivity and their interplay in
1T-TiSe2”, Springer Theses, 2019.

[2] F. Matsui et al. J. Phys. Soc. Jpn. 90, (2021)
124710.
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BL6U

Progress of Photoelectron Momentum Microscopy for Revealing Complex

and Detailed Electronic Structures of Materials

S. Suga "% and F. Matsui **
ISANKEN, Osaka University, Osaka, 567-0047, Japan
2PGI-6, Jiilich Research Center, Germany
3UVSOR Synchrotron Facility, Institute for Molecular Science, Okazaki 444-8585, Japan
4School of Physical Sciences, The Graduate University for Advanced Studies (SOKENDAI),
Okazaki 444-8585, Japan

The photoelectron momentum microscope (often
abbreviated as 2D-PMM) is installed already in 2020
at BL6U of UVSOR in the form of single
hemispherical deflection electron energy analyzer
(HDA) behind the PEEM type objective lens, which
can easily be switched between the real space to the
momentum space detection mode. Eg(x,y) or
Ep(kx,ky) constant energy contour (CEC) can be
simultaneously detected by a 2D detector behind the
focusing lens optics installed after the exit of the
HDAJ1]. The detection efficiency of the Eg(kx,ky) is
very high in comparison with the conventional HDA
detection due to the simultaneously covered wide
acceptance angle owing to the use of PEEM, where
the sample rotation is not necessary for Eg(kx,ky)
detection and excitation light focusing is not
necessary to probe micro-nano regions. Then very
reliable gigantic data set is obtained by this
instrument in rather short measuring time [2-4].
Temperature down to 10 K can be measured.

Since the best quality sample surface region down
to ~10 um can be selected by the proper sized field
aperture in the objective lens, high quality and
reproducible data can be obtained by this instrument.
The beam focusing is not necessary in this system by
using the PEEM and several tens of nm resolution
can be realized without noticeable radiation damage.

Detailed behaviors of CECs of graphite are shown
in Fig.1 [3]. Resolutions are A E~40meV and A
k~0.01
A-'. Band dispersions along any kx-ky direction can
be immediately derived from the big data.

Since 2022 upgrading is progressing. In addition to
68° incidence of light from the surface normal direct-
ion, 0° incidence is soon available. HDA is upgraded
to 2 HDAs to realize this configuration. 2D spin filter
will be installed within a few months to realize the
multichannel figure of merit FoM~102. Then the spin
detection efficiency becomes 10* times higher than
the
single channel spin detection and 10 times higher
than using the W 2D spin filter.

Various additional upgrading of the SP-2D-PMM
system in UVSOR will be made in the next few
years,
producing the world best heavy data on micro-nano
regions of exotic and/or functional materials support-
ing the new device development.
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X 1(a)iC VB-PES IC X o TH LNz 7 =V IHEMICE T 5 2D NV FoBloFE AL F
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777 2V) BEO N, BHERICHE 21T o 723k (RO 7 R8N Hy : CHy =
100 : 10) (K 1(b))D ¥ 2 — v LKL, 1722 —vTH 5 &h b, HiERESI K
TEBRBEINE WU RO T 72y ThHHAAFEL Hy: CHi=100:10 DK T,
TRVARZ P AICBITEG =227 FiE1606em! TH Y, 30° MEELZF AL Vv E2E
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kg 2 eAHMoNTE YR SBAERARBEECL 7772 vD P AL VIjME G
v—2 v 7 b DOMBEZHLNICTEZET, G Y=Y 7 b7 T 7 = v SEFHb
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X 2 i PEEM HIE DR %R 9, (a)iZhv =80eV, Ep, = 2.0~3.5eVONE 7% EH
LB TH b, TOFMNFIET 77 2 v M HIEROE KRBT 7z PEEM R TH b,
ERRA 72 Bk DS BLHI & 72, B2 WfiPH 28R L CRATRYZ VB-PES 2179 &, X 2(c)in
TI7772VD M BEDRWE 1 NV FORNEEDO AR —v3E b5z, K 2(b)idhy =
100eV, Epyp =0~02eVE Vo7 7 2 b IHERfHADONEFZEE L T2, ZD5M
Ir DAREFEE A LR 72550 Cf572 PEEM R TH Y, (@KL Ca v P 7 2 F 23K L
BT o NIz, (b)ICIB T 205 Wiz ER L CRATHYIC VB-PES HIZEZ 1T 9 & X 2(d)
WWRTEIIC It DR =V DRBGOLN, I 72 vDRZ—vi3BlHllEnaro7z2 &
o, V772 VBEEET I ERABH LT3 e E 2 bNn 5, HiEAESEWEEHC
5 UAT - 72 TeRERN 72 PEEM BIRIC X 0, 7777 = VAR L 72 8P & AR FEH L <
WA EIFADRTEEST 5 2 L BHL IR 272,

PAb. AiffgeziE L T, PMM Z W 72 I TeR D#EIR %2 1T - 72 PEEM MlliE 21T 9 T
&T, I VNHIES AFM B8 7e £ OFER OME JTIETIIAR TE b o 72 Gr/lr(111)
AR ORI —EE2 BT 2 2 L ITHIh L 72 FISHEEHIN 32 PMM % F v 72 T355%
WA 7 JE I THATH Y. XY mEOREVEEHIH LT 24 d OMIE % F v T
#4795 T & T Gr/Ir(11 1)kt o Gl e Pl 23l RE T b 5

(2) Ky Wavenumber [A']  (b) Ky Wavenumber [A1] (¢) Ky Wavenumber [A]
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(@) (b)
hv=100 eV

2 PEEM HI7Ef% R
(a). (b) GUIN(IIRID PEEM (R (c). (d) 2D /¥ FAPHREF = b ¥ — Tk [X

BB -
[1] E. Hashimoto et al., Jpn. J. Appl. Phys. 61, SD1015 (2022).
[2]J. Yan et al., Phys. Rev. Lett. 98, 166802 (2017).

KpIWHFEIcBaE S 2 R Y X b ¢
[1] Eri Hashimoto, Yuki Onuma, Fumihiko Matsui and Shinji Koh,
“Imaging single-crystal domains of CVD graphene on Ir(111)/alpha-Al203 (0001) by photoelectron
momentum microscopy,”
14th International Symposium on Atomic Level Characterizations for New Materials and Devices '22
(ALC'22), 19P-03 (poster presentation), Okinawa, Japan, Oct. 19th (2022).
[2] A BE, Kiaiha., W 2, 8 E

[ %6 7 B B BT % F 72 In(111)/a-Al203(0001) CVD 2" 7 7 = v OAfifE T 5B~ v
¥V 7] UVSORY VKR ¥ 7 252022, 73 FREADIFERT. P25 (2022) (R A X —3%K)
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FPERAY BTYH EAETTER # OE

LS R (CVD) BCHRIER77 7 vid, mOiE2H T 5 5 LG A AlEE
TH D mDHEEICHICHE L -MECH 2, 2022 FEERTHAE <10 TRMERFFEAT - UVSOR
Il - BLOU IZEXIE & MU C e 2CEEB BB EE (PMM)! % W 7 fili 6 - 173l
& (VB-PES) IC X V{E/E CVD #FHEZ W T v & * 2 v L In(111) a -ALO3(0001)FEH i< il &
T3 TERLZ Grir(1)alBt o RS & BfhmtEe N A A4 vIim, 777 = v B
WE OB FHIHENER 72 & oYt L OB DR %2 1T - 722, X 51T, VB-PES IS T9H
HIE (PEEM) ZAlatrba 2 2 L TRkl O L& O #iH 2 3R L 72 BT 72 2> D TEHRIER
7% VB-PES % 1T\, 7= V3 llliE - AFM 8% 70 & DRER DO ME 5k CldHid < & e
> 7z Gr/Ir(1D)ARIERE OARE A2 BT 2 2 LI Lz, EISHRRNCH S 2 PMM
EHOETTHRERNRAEIRO THENITH Y, IV MEOFEVIEREHI LT d ol
ExHACTEHi 21T 5 2 & T Gr/Ir(111D)iVE O Sl I EEHli A nHETH 5 & RIR L 7=,

2022 FE X Y| Ir(111)/ a-ALO3(000 )ikl o E I E L ICE T L T\ %, HTE. Bk
Ir MO MEE % & U CRBLE B 233 < HLBRIN SR A iR i Ch 2 A8y 2 ) v k%
FAWTW B, 2%y 2 ) v 7R CERL L 22 I3 e RIS R AE L, B2+ Tldk

WV, £ 2T, BEEERCEE A B LA 20 TR R SRS 3 © & CRIE AT
SFETH Y, GaAs 7z EOLAEYFEAROFEREKEICEZ CHbN G, TRz X F
— (MBE) {£ICEH L7z, MBE E3EF @A coREREBETH L b, it
FOIr R EHEB LTI B2 o r R EZE L 2 BT 3 LE 2 b, g
Y 7 7 ATERICT ZET 5 2 & T, CVD 77 7 = v o FHuFENR & 7 5 St S MBE-
Ir(111) % F#3 %, 2022 FFEZYCII MBEZEE (K1) O H EFRO SiERK~D Ir D
FE % 1T - 72,

FF MBE B OV H EFIcthv, HAL X —oH 2 H L L 180220°C, 240h D= —
FVITETO, BEF X Vv N—DHEZEEE 100 Tor RCKEI L R TEZ, b E
F2S5E T L7z MBE %i& % T Si AR 1T Ir 2 AU L 72, Si JERIE Si0/Si AR ISR L T
Ny 77 —=F7 vBEHCTERLIELZRE L 72b 02 6H L 7z, BB X FEBGRE 500°C,
MEETE 5kV. 74 7 A FEFRM 13 A, =3 v a VBRI 250 mA, BUEFFRE 4 h &
L. BEFNESZ 108 Torr fRTH o 72, X2 1IHIERT# D RHEED 8% . X 3 1< BRER{T#
DHAEER % 7R s RHEED RIC W CIEHTBE R 230 32110, F 72825 5 1%
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Si FM D FicEEEABEE L 722 L 2SHL 2 TH 5, filifHBAERT (Bruker, Dektak XT)%
WTHEEZHIE L 72 & 25K 750 nm D4 @RS BT 72 T L L AT TR o 72,
Sk, THIEER % o -ALO5(0001)ICY] Y % 2, MBE-Ir(111)a80Et D sl et % Bodift. 3 % .
B O SN I L CId AR © XERIETE 7 & O FRTHIE 2175, HfmtEx 3t e+
P D WK AY T & 72BEICIZ UVSOR -« BL6U ICEXE S LT\ 5 PMM % FH W EEfl 229
PEFHCE Y fEr, 72, MBE-Ir(111D)iARl EiIcCVD 77 7 = v 2R &S ®52 LT, &5
5777z vOHEREDH EXARETH B

X 1 HILFEE WEBEWTIWH EIF25E T L7 MBE EiE
[X| 2 RHEED {4 [ 3 TIr/Si &kt D e 5
(a) FRRAT (b) BB (a) FBEAT (b) BB

S 3K
[1] F. Matsui et al., Jpn. J. Appl. Phys. 59, 067001 (2020).
[2] E. Hashimoto et al., Jpn. J. Appl. Phys. 61, SD1015 (2022).

74



BL6U

Region and Element-specific surface observation of CVD graphene on

Ir(111)/a-Al203(0001) by photoelectron momentum microscopy

E. Hashimoto !, Y. Onuma?, F. Matsui?, and S. Koh!
1 Aoyama Gakuin University, 5-10-1, Fuchinobe, Chuo-ku, Sagamihara, 252-5258, Japan
2 UVSOR Synchrotron Facility, Institute for Molecular Science, Okazaki, 444-8585, Japan

A photoelectron momentum microscopy (PMM) is
a complementary  characterization  tool to
conventional methods, e.g. Raman spectroscopy and
atomic force microscopy (AFM), for comprehensive
and element-specific characterization of 2D materials
owing to its multifunctionality. We have
demonstrated by  valence-band  photoelectron
spectroscopy (VB-PES) using PMM that graphene
grown by low-pressure chemical vapor deposition
(LP-CVD) on Ir(111)/a-Al,05(0001) had high
single-crystallinity for several 100 pm? [1]. In this
study, we performed region and-specific surface
observation for graphene by photoemission electron
microscopy (PEEM).

Graphene was grown on Ir(111)/a-Al;03(0001)
substrates by LP-CVD using H, and CH4 gases. Fig.
1(a) shows an AFM image (1.0 pm?) of the graphene
surface on Ir(111). Continuous step terraces of the
Ir(111), which were the nucleation sites of graphene,
were observed. The average step height corresponded
to the one-atomic step height of the Ir(111) surface.
Wrinkles, which were formed due to the mismatch of
the thermal expansion coefficients between graphene
and Ir(111), were formed across the step terraces,
indicating that graphene domains coalesced and
continuous graphene films were formed.

Real space images for graphene/lr(111) were
obtained by PEEM at the linearly polarized soft X-ray
beamline BL6U of the UVSOR-III synchrotron [2].
The electronic structure for graphene/lr(111) were
determined by VB-PES. The PEEM images of
graphene/lr(111), which have non-uniformity, are
shown in Figs. 1(b) and 1(c). In Fig. 1(b), the photon
energy was 85 eV and photoelectron corresponding to
the binding energy from 2.0 to 3.5 eV was integrated.
Intensity of graphene M points contributes the most.
Thus, the bright areas in Fig. 1(b) correspond to the
areas where graphene exists. The iso-energy cross
section of the 2D band dispersion for the bright area
in Fig.1(b) by VB-PES is shown in Fig. 1(d). The
6-fold symmetry pattern is attributed to the © band
dispersion of graphene connecting the M points. Fig.
1(c) shows the PEEM image at the same observation
area as Fig.1(b). The photon energy was set to 100 eV.
Photoelectron corresponding to the binding energy
from 0 to 0.2 eV was integrated. The density of states
at the Fermi level of Ir dominates in this condition.
Therefore, the bright areas correspond to the area
where the Ir surface was exposed. The iso-energy
cross section of the 2D band dispersion for the bright
areas in Fig.1(c) is shown in Fig.1(e). The pattern
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with 6-fold symmetry, which corresponds to the
energy dispersion of Ir(111), was observed. The
pattern of graphene was not observed, which
confirmed that the Ir surface was exposed. We
identified areas where covered by graphene and
where Ir(111) is exposed, by region and
element-specific PEEM for Gr/Ir(111) samples with
low single-crystallinity.

In this study, we observed surface irregularities of
Gr/lr(111) samples that were not captured by
conventional measurement methods such as Raman
spectroscopy and AFM observation, by performing
region and element-specific PEEM using PMM.
Element-specific measurements using PMM on
practical samples are very promising, and the
characterization of detailed properties for high-quality
Gr/lr(111) samples is expected.

hv=85eV

{
rllﬁ

ki

Fig.1. (a) AFM image and (b)-(c) PEEM images
of graphene/Ir(111). Iso-energy cross sections
of 2D band dispersion of graphene/Ir(111), with
photon energy of (d) 85 eV and (e) 100 eV.

[1] E. Hashimoto et al., Jpn. J. Appl. Phys. 61,
SD1015 (2022).

[2] F. Matsui et al., Jpn. J. Appl. Phys. 59, 067001
(2020).
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[1] S. Koutsoukos, F. Philippi, F. Malaret, T. Welton, Chem. Sci. 12 (2021) 6820—6843.

[2] N. Kuroki, H. Mori, J. Phys. Chem. B 123 (2019) 194-200.

[3] N. Kuroki, Y. Suzuki, D. Kodama, F. A. Chowdhury, H. Yamada, H. Mori, ChemRxiv. (2022).
[4] K. Hatakeyama-Sato, T. Tezuka, M. Umeki, K. Oyaizu, J. Am. Chem. Soc. 142 (2020) 3301.
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IMS Symposium
Metal-Oxides: Structure Chemistry of Films and Surfaces
5y RIS
@JEMALY) « Fif & RO E L

The Symposium is organized in a hybrid form.

September 26, Monday, Room 301 in Institute for Molecular Science
In-face participation and real-time, online connection are available.
9H26H () o5 FRZHF5EET 301 & X —/b—2L
SEBMETNTY T VL A DTDA YT A BN AlHE

15:00 (40-min talk with 20-min discussion)
Michele Riva (TU Wien) on-line presentation
https://orcid.org/0000-0001-8303-7383

Surface structures drive the growth of perovskite oxide films

16:00
Taketoshi Minato (Institute for Molecular Science)iz S {£, in-face presentation
https://orcid.org/0000-0002-5443-1709

Physical properties of defects on metal oxide surfaces analyzed by scanning probe microscopy

17:00

Shingo Maruyama (Tohoku University) #LILI  {#{f, in-face presentation
https://orcid.org/0000-0002-6608-2219

Pulsed laser deposition of compositionally graded Sr-doped NaTaO3 thin films and their photoexcited

carrier dynamics

18:00

Hiroki Uratani (Waseda University) {4 {f5¥#E, in-face presentation
https://orcid.org/0000-0002-8411-3429

Toward excited-state molecular dynamics analyses of metal oxide photocatalysts: computational method

developments and applications
September 27, Tuesday, 9-11 am

Tour of AFM lab and UVSOR in IMS for participants interested in
i H# 1L AFM J2lRE & UVSOR % i
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B X #2£88EL - R 513 /Resonant Soft X-ray Scattering and Reflectivity

11 A 8 B () /Date: November 8th

BA LR Sa—)L 4L EE (Fres)
10:00 - 10:10 Welcome & Introduction mAR i5
(Diamond Light Source)
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Probing Morphology and Chemistry in Complex Soft Cheng Wang
Materials with In Situ Resonant Soft X-r (Advanced Light Source)
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ELEE DRF (5 FHEWRRD
12:05 - 12:30 | 8% X SRSTE/RINH A= & 5 wet BERICHIERN | IURES
EEBORET (BIRIILF—IEFARHEE)
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Probing morphology and chemistry in complex soft

materials with /n s/tu resonant soft x—ray scattering

Cheng Wang
Advanced Light Source, Lawrence Berkeley National Lab

Small angle scattering methodologies have been evolving at fast pace over the past few decades
due to the ever—increasing demands for more details on the complex nanostructures of multiphase
and multicomponent soft materials like polymer assemblies and biomaterials. Currently, element—
specific and contrast variation techniques such as resonant (elastic) soft/tender x—ray scattering,
anomalous small angle x—ray scattering, and contrast—matching small angle neutron scattering, or
combinations of above are routinely used to extract the chemical composition and spatial
arrangement of constituent elements at multiple length scales and examine electronic ordering
phenomena. It will be presented in this talk some recent advances at the Advanced Light Source on
characterizing structure and chemistry of complex soft materials, which often contain multi-
components with a wide range of length scales and multiple functionalities, where novel resonant
scattering approaches have been demonstrated to decipher a higher level of structural complexity
that correlates to functionality. With the advancement in correlative analysis with multimodality,
high—throughput and autonomous experiments would open a new paradigm of material research.
Further development of resonant x-ray scattering instrumentation with cross platform sample
environments will enable multimodal in—situ/in—operando characterization of the system dynamics
with much improved spatial and temporal resolution.

? RSOXS@ALS W\~

== Chemical Sensitive
X-ray Scattering

[1] Zhong, W. et al Journal of Physics: Condensed Matter 2021, 33 (313001)
[2] Yang, Y. et al. J. Am. Chem. Soc. 2022, 144, 20, 8927-8931
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Resonant X—Ray Scattering and Reflectivity Measurements of EUV Photoresist
at NewSUBARU Synchrotron Light Facility

[FEHEERE
EERIXRE SEEXRMEZRMMER
Tetsuo Harada
LASTI, University of Hyogo

BifH R IME (EUV) UV T ST74—1E FEEROEERMELT 2019 ELYFIAHL AN, IR
EIFN—TEYF 16 nm DIFEEE T HEIEADEHAEEMN, SERIZIEZ/N—TEYF 10 nm ~AD
BRANRHIN TS, COKSEMM/ NED TIETARL DX (AT LORR) DT RARY LD
IR KY ., LORMEEIX 20 nm FBEFETEIREILT 5, BENELSE EUV EBENSEY. L
DAMITRIREN D TAH R ED B S DENWITAN B TOERICENWTIE, LR DEREE
DIESDENNIARIBEDILSDEIZKEZLEEEEZ D, TD=O  WELRLIOXMIKRDLEND,
Fr-. BEECKVRERBROCERFATIEOTED HEHDIEIENELD, FICERFEHED
TREIZIE. LORMKREEIIHEDESIBA DL TSI EA LN TILNS, COREEEIX, /342
VEINOTEICETA/I\ I BRIBIESDEDNEILLEFFIZTREIT, TD=H. MM/ N2> TlEL
DA BERDIESDEFMZLLIEEBAA . BEREEDBHEDRYICKIERREDBELL
EEMRDIDLENDH D,

COESLEREREDBEL LD BEIL. BEXIRIZ K IXRR TR ZOXREEL A TEav SR
MONT  BW—HRELTEEMEIND, T TH L ITEXER L IEELEL & (Resonant Soft-X-ray
Scattering: RSoXS) LB X#R 1B [z 513 ;£ (RSoXR: Resonant Soft—X-ray Reflectivity)Z . k& K &
UR 3T AT 3T D H I IR URE — I E TRWLWTL D ANEERE L=, BIEFIZ Fig. 1 12RT, BUELA
EIZKYLP AR DERED2RTHGEAR I — 4 (BE) Z5HMEL . RFFRBEICLYRAICHEFE
TONBEBEFMEL-. AEETIEIMHARLER =2 —R/\ILIZEITS. CD &K% RSoXS(GEARE
ERFTEY) & RSoXR IZH AL AMHBD B YA DLW TN T 5,

. 10° —
3 —— ] Triple—layer
g —— 286 eV (7% 10_1_' 5
: _ggi :x E(()T—)C-O) g ] X "=0.000689
£ 1< ]
g N ] *g 1075
2 N 12 ]
E e ] &
g 1074
3 ]| — Measured data
. 1| ---- Fitting result
107 : i ' '
e - 0 4 8 12 16 20

Skt e Grazing angle of incidence (degree)

(a) (b)
Fig. 1: LY XRM(a) BiBIZL S RSoXS #ER & (b) 287.1 eV T RSoXR HIEFER.

[1] Jun Tanaka, et al, J. Photopolym. Sci. Technol. 32, 327 (2019).
[2] Takuma Ishiguro et al, J. Photopolym. Sci. Technol. 32, 333 (2019).
[3] Atsunori Nakamoto et al, J. Photopolym. Sci. Technol. 35 (2022) To be published.
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Development of Resonant Soft X—ray Scattering Equipment at UVSOR and Photon Factory
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HAIETELHFELH D, THE. H20 LSIFHEMBRHLYREICIRYEN>TLNS,

ARFEETIEL. UVSOR TEEFT D X #RENELEE 5 KU UVSOR KU Photon Factory &M £t
BIFAFE T DRELZEEN2DIZDOLT, EIZEBAICOVWTERZTHLTERBAT S,

1) LAREZH 2) AREZE

Xy \ (CCD B8 Andor BNO40
MR KE Y;d;;..j: A (2048 x 512 pixels
J{’f.l & ) Teiel=135um)
— n\ﬁ@
HEaEpB20=15" ~45° HEgdA20=1" ~15°

20EFVEDEATLET, 20=1° ~45°
=d=300nm ~6nm ( g=0.02nm’~Tnm""} @ A=4.3nm (285¢V)

1. UVSOR IZBITHAHNASHERBFEREZ#E 2. In-vacuum CMOS &R H 25 EIEZ R H 2%

125



B X SRR R/ RIS F LD wet BB IS EIZBRITE
BEDRE

Concept of thin film analysis instrument with soft x—ray reflectometry and absorption
spectroscopy under wet conditions
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Anomalous small-angle scattering of alloys in tender X-rays region
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Fig. 1: A-Mg & F DERFEF /YL S/ EEREL (Mg RUR )

[1] H.Okuda et al., JUAP 53, 05FH02 (2014)
[2] H.Okuda et al., J.Appl.Cryst. 45, 119 (2012)
[3] K.Aoyama et al., JUAP 61, 070915 (2022).
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Nano-structure of Polymer Film Analyzed by Small Angle Scattering and Reflectivity
Utilizing Tender X-rays at BL15A2 in PF
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[1] K.Yamamoto et al. Macromolecules 48(22), 8190-8196, 2015
[2] K.Yamamoto et al. Langmuir 32(15), 3737-3745, 2016
[3] K.Yamamoto et al. Journal of Applied Physcis 120(14), 142119, 2016
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Neutron Analysis of Polymer Electrolyte Fuel Cells
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Fig. 1: Coating model of adsorbed and Fig. 2: Depth profile of ionomer number
deposited ionomer in a catalyst layer. density on a substrate at 80% RH.
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[1] M. Harada et a/, ACS Omega, 6 15257-15263 (2021).
[2] M. Harada et a/, Chem. Lett., 48 51-54 (2019).
[3] K.Ito et al, Langmuir, 36 12830-12837 (2020).
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The Structure Analysis of Liquid Crystals by Resonant Soft X-ray Scattering
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BB, BEMRT EL TIEXIREEL - BT A — AR AN, IEXRBXRBEL CIERDEFEEE R
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BARDEFEEIZENLZNOEADIEEDENAHF TELLY,
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BERHICHE LEHEBE—IABB SN TS, FMIEIHAHRET S,

(b) (c) (d)
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Fig. 1: Molecular Arrangement of (a) ferroelectric SmC*, (b) ferrielectric and (c) antiferroelectric
SmCa*. (d) Soft X—ray Scattering profiles of (c) at the incident X-ray energy with 285eV (upper)
and 270eV (lower). Resonant peaks correspond to the bilayer structures of (c).

[1] Y. Takanishi, A. lida, N. Yadav, A. D. L. Chandani Perera, A. Fukuda, M. A. Osipov, and J. K. Vij,
Phys. Rev. E(Rapid com.) 100, 010701-1-6 (2019)
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Solvent-Induced Transition of Polymorphological Chiral Supermolecular Architectures
in a Bent—Core Liquid Crystal Dimer
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Fig. 1: Solvent—induced structural transition; (L to R) SEM, schematic structures, RSoXS patterns.

[1] H. Takezoe and Y. Takanishi, Jpn. J. Appl. Phys., 45, 597 (2006).
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Characterizing Self-Assembled Nanoparticles of Drug Delivery by use of Solution Scattering
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